One fraction enriched with flavonols and phenolic acids; and the fraction enriched with anthocyanins, were isolated from red raspberry, blackberry, sour cherry, strawberry, chokeberry, elderberry, and blueberry to study their antiradical activity using the free radical, 2,2-diphenyl-1-picrylhydrazyl, test. The phenol content was determined using high-performance liquid chromatography. The antiradical activity of anthocyanins was 7 to 25 times higher than the antiradical activity of flavonols and phenolic acids. High correlations were found between the content of anthocyanins, flavonols, phenolic acids, quercetin derivatives, caffeic acid derivatives, and the antiradical activity (r = 0.99, 0.93, 0.83, 0.93, 0.94, respectively). Among the phenols studied in this work, anthocyanins showed the highest influence on the antiradical activity in all fruits. Other phenolics with relatively strong influence on the antiradical activity of fruits were quercetin derivatives and caffeic acid derivatives (chlorogenic acid) in chokeberries and blueberries, quercetin derivatives in blackberries, quercetin derivatives and caffeic acid derivatives (chlorogenic acid) in elderberries, and hydroxycinnamic acids in sour cherries.
INTRODUCTION
A wide number of studies have shown that fruits have protective effects on human health. This especially refers to small fruits and berries. Fruits inhibit the proliferation of some human carcinoma cells in vitro [1, 2] and the intake of fruits and fruit juices improves the antioxidant status in humans. [3] Components of fruits with positive effects are various antioxidants like vitamin C or different phenolic compounds. [1] Phenolic compounds are a large group of secondary metabolites that are widespread in various plants. [4] [5] [6] Phenols were reported to exhibit anti-inflammatory, anti-carcinogenic, anti-arthritic activities in vitro, [7, 8] and may even have a positive role in decreasing the risk of some chronic diseases, such as cancer. [9] One of the reasons for such positive effects of phenols is their ability to scavenge free radicals (antiradical activity). [10] The effects of plant phenols in vivo are not yet completely explained. Phenols are absorbed in the human body, although rarely completely. Some of them are metabolized and products of metabolism have different effects in vivo. These effects are not yet completely understood. [10] Besides, plant phenols are used in the food industry to improve the quality and safety of foods. [11] Because of all these reasons, the interest in studying the plant phenols is still growing.
Fruits contain a mixture of various phenols. Anthocyanidins and flavonols occur as glycosides, flavan-3-ols as monomers and as structural units in proanthocyanidin chains. [12] [13] [14] [15] Soluble hydroxycinnamic acids are found as glycosides and as esters with sugars or quinic acid. Ellagic acid is found free in methoxylated and glycosylated forms and as part of unknown polymers. [12, 13] These compounds all contribute to some extent to the total antiradical activity of fruits. An earlier study [16] showed that anthocyanins and caffeic acid derivatives have a significant portion in the antiradical activity of chokeberries and blueberries. But, still little information exists about the real contribution of individual phenols or phenolic classes to the total antiradical activity of many other berries and fruits. Since fruits and their phenols showed positive effects, it is important to find phenolic compounds or classes of phenols with the highest influence on the antiradical activity of fruits.
The aim of this study was to investigate the influence of various classes of phenols on the antiradical activity of seven red fruits: chokeberry, elderberry, blueberry, strawberry, blackberry, red raspberry, and sour cherry. Phenols were fractionated into two fractions. The first fraction was enriched with flavonols and phenolic acids and the other with anthocyanins. The radical scavenging activity of phenolic fractions was studied using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) test. The phenol content in fractions was determined by high-performance liquid chromatography (HPLC) analysis. Additionally, the relationship between the phenol content and the antiradical activity was investigated by using the correlation analysis.
MATERIALS AND METHODS

Fruit Samples
Seven species of berries and fruits were harvested at maturity in 2007 [red raspberry (Rubus idaeus), blackberry (Rubus fruticosus), sour cherry (Prunus cerasus), strawberry (Fragaria anannassa), chokeberry (Aronia melanocarpa), elderberry (Sambucus nigra), and blueberry (Vaccinium myrtillus)]. Immediately after harvesting, berries were frozen and stored at −20
• C for two months until analyzed for this study.
Chemicals
The anthocyanin standard cyanidin-3-O-glucoside chloride (kuromanin chloride 0915 S) was purchased from Extrasynthese (Genay, France) and prepared in 0.1% methanolic HCl solution in a concentration range of 1-100 mg l −1 . Other phenolic standards were obtained from Sigma-Aldrich (St. Louis, MO, USA) (ellagic acid (E2250), (+)-catechin hydrate (C1251), (−)-epicatechin (E1753), chlorogenic acid (C3878), caffeic acid (C0625), ferulic acid (F3500), p-coumaric acid (C9008), quercetin dihydrate (Q0125), kaempferol (K0133), rutin hydrate (quercetin-3-rutinoside hydrate) (R5143)). Calibration curves were made by diluting stock standards in methanol. The 2,2-diphenyl-1-picrylhydrazyl radical (DPPH · ) (D9132) and Trolox ((±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid) (56510) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Sample Extraction
Two phenol fractions were isolated from fruits: the first fraction with ethyl acetate to extract free and conjugated phenolic acids and flavonol glycosides, and the other with acidified methanol to extract anthocyanins. [12, 13] The frozen fruits were homogenized, weighed (3 g) into centrifuge tubes, and were extracted with ethyl acetate (4 × 5 ml) by repeated vortexing. The ethyl acetate extracts were combined; one portion (10 ml) was evaporated to dryness (35
• C, rotary evaporator) and dissolved in 2 ml of methanol (first phenol fraction). The fraction was subjected to direct antiradical activity determination using the DPPH test, and afterwards was directly injected into the HPLC system. Since some phenolic compounds from the first fraction were tentatively identified, this fraction was acidified to 0.6 M with concentrated HCl and heated for 5 min in a boiling water bath (70-80
• C) to release the aglycones from flavonol and phenolic acid glycosides (hydrolyzed fraction). The hydrolyzed fraction was analyzed on the HPLC system to confirm the phenolic compound identification and to quantify flavonols in the aglycon forms.
The HPLC analysis of the ethyl acetate extract (first fraction) revealed a small amount of free monomeric flavan-3-ols extracted within ethyl acetate. [12, 13] The flavan-3-ols in ethyl acetate extracts coeluted with the peaks of hydroxycinnamic acids. Therefore, liquid-liquid extraction of the second part of the ethyl acetate extract was applied to eliminate phenolic acids from extract before the analysis of flavan-3-ols. The second part of ethyl acetate extract (5 ml) was extracted with sodium acetate buffer (2 × 5 ml, 0.1 M, pH 7.0) and with 5 ml of water to remove phenolic acids into the water phase. This purified ethyl acetate phase was then evaporated to dryness, dissolved in 1 ml of methanol, and was used for the determination of flavan-3-ols ((+)-catechin and (−)-epicatechin) by HPLC.
After the ethyl acetate extraction, the berry residue was acidified with HCl (2 M, 1 ml) and extracted with 5 ml of methanol (4 to 8 times). [12, 13] The combined extracts contained anthocyanins in the flavylium cation forms. An aliquot of the methanol extract (10 ml) was evaporated to dryness and dissolved in 2 ml of methanol (second phenol fraction). In this fraction, the antiradical activity of anthocyanins was measured using the DPPH test. The anthocyanin content was determined by HPLC analysis. All extracts were prepared in duplicate and filtered through a 0.45-µm syringe filter before injection into the HPLC system.
Chromatographic Analyses
The chromatographic analyses were conducted on a Varian HPLC system (Palo Alto, CA, USA) consisting of ProStar 230 solvent delivery module, ProStar 330 PDA detector, and OmniSpher C18 column (250 × 4.6 mm inner diameter, 5 µm, Varian, USA) (guard column ChromSep 1 cm × 3 mm, Varian, USA). The quantification was conducted by HPLC methods validated earlier in our laboratory. [17, 18] The flavonols, flavan-3-ols, and phenolic acids were separated using 0.1% phosphoric acid as solvent A and 100% HPLC grade methanol as solvent B (elution conditions: 0-30 min from 5% B to 80% B; 30-33 min 80% B; 33-35 min from 80% B to 5% B; flow rate = 0.8 ml min −1 ; injection volumes 20 µl). Phosphoric acid (0.5%) was used as solvent A and 100% HPLC grade methanol was used as solvent B for separation of anthocyanins (elution conditions: 0-38 min from 3% B to 65% B; from 38-45 min, 65% B; flow rate = 1 ml min −1 , injection volumes were 20 µl). UV-Vis spectra were recorded in a wavelength range from 190-600 nm (the detection wavelength was 280 nm for (+)-catechin and (−)-epicatechin; 320 nm for ellagic, chlorogenic, caffeic, p-coumaric, and ferulic acid; 360 nm for quercetin, kaempferol, quercetin-3-rutinsoide; 520 nm for anthocyanins). The phenol identification was based on the comparison of their retention times and spectral data (190-600 nm) with those of the authentic standards. Additional identification was carried out by spiking the fractions with phenolic standards. The identified compounds were quantified using the calibration curves of the authentic standards. Ellagic acid-, p-coumaric acid-, quercetin-, and kaempferol derivatives were tentatively identified by comparison of their spectra features with those found in the literature. [2, 12] The quercetin-and kaempferol derivative contents were determined in hydrolyzed ethyl acetate fractions using quercetin and kaempferol calibration curves. The total anthocyanin content was calculated by plotting the total peak area at 520 nm against the cyanidin-3-glucoside calibration curve. The data presented are mean ± standard deviation (SD) (n = 4).
Antiradical Activity
The antiradical activity of two phenol fractions was measured by using the DPPH test. [19] Five dilutions of phenol fraction were prepared, each containing increasing aliquots of phenol fraction, 200 µl of methanolic DPPH
• solution (1 mmol dm −3 ) and methanol (final volume 3 ml). The dilutions were kept in the dark at room temperature for 15 min. The absorbance (A extract ) was read against the prepared blank (200 µl of methanol instead of DPPH
• solution) at 517 nm. A DPPH • blank sample was prepared each day (200 µl of 1mmol dm −3 DPPH • , 2.8 ml of methanol) and absorbance (A DPPH ) was measured daily. The percent inhibition of DPPH
• radical caused by each dilution was calculated using the following formula:
A Trolox standard of final concentration 400 µmol dm −3 was prepared in methanol, assayed under the same condition, and the Trolox calibration curve was used to calculate the antiradical activity of all dilutions of phenol fractions (µmol of Trolox equivalent (TE) per gram of fruits). The final results were expressed in µmol of TE per gram of fruits needed to reduce DPPH · radicals by 50% (EC 50 ).
Statistical Analysis
The data are the results of four measurements expressed as mean value ± SD (standard deviation). The correlations between the phenolic compound content in ethyl acetate extract or in methanol extract and the antiradical activity of the same extract were observed. The correlations were expressed by calculating the correlation coefficient (r) (significant at P ≤ 0.05) (Statistica 7.1 [Statsoft, Tulsa, OK, USA]). Figure 1 shows the HPLC chromatograms of ethyl acetate fractions with identified phenolic acids and flavonols. All of the dominant compounds were identified by comparison of their spectra with those of standards and the identification agrees with literature data. [12] [13] [14] [15] [16] 20, 21] UV/Vis spectra of ellagic acid derivatives (peak 7 , λ max = 245-249, 341-350 nm) and p-coumaric acid derivatives (peak 4 , λ max = 207-227, 299-304 nm) matched to those found in literature. [2, 12] UV/Vis spectra of peaks 8 and 9 (peak 8 λ max = 248-250 nm and 338-342 nm; peak 9 λ max = 260 nm and 333-337 nm) indicated that these compounds are probably quercetin and kaempferol derivatives, respectively. [2, 12] The ethyl acetate fractions were hydrolyzed to confirm the presence of these compounds. Hydrolyzation reactions released aglycons from phenolic glycosides (Fig. 2) . After analyzing the hydrolyzed fraction on HPLC ellagic acid-, p-coumaric acid-, quercetin-, and kaempferol derivative existence was confirmed (Fig. 2) .
RESULTS AND DISCUSSION
The phenol content is shown in Table 1 . The dominant phenolic acids were hydroxycinnamic acids (from 3.2 to 267 mg kg −1 FW), and their content was especially high in chokeberries (267 mg kg −1 FW), blueberries (244 mg kg −1 FW), and sour cherries (145 mg kg −1 FW). Earlier studies found higher hydroxycinnamic acid content in chokeberries (892-2617 mg kg −1 ). [13, 16] The hydroxycinnamic acid content in blueberries (163 to 646 mg kg −1 ) [13, 16, 22] and in sour cherries (166-336 mg kg −1 ) [20] is similar to the results found in this work. The dominant hydroxycinnamic acids were caffeic acid derivatives, including neochlorogenic acid, chlorogenic acid, and caffeic acid (chokeberries (267 mg kg −1 FW), blueberries (208 mg kg −1 FW), and sour cherries (66 mg kg −1 FW)). Earlier studies found similar caffeic acid derivative content in blueberries (95-106 mg kg −1 ; [23] 645 mg kg −1 ; [16] 111 mg kg −1 ) [13] and in sour cherries (125-287 mg kg −1 ) [20] and higher caffeic acid derivative content in chokeberries (832 mg kg −1 ; [13] 750 mg kg −1 ;
[23] 2,617 mg kg −1 ). [16] Furthermore, fruits contained relatively high flavonol derivative content (from 6.5 to 438 mg kg −1 FW). Among them quercetin derivatives were the dominant compounds (from 6.5 to 438 mg kg −1 FW). The quercetin derivative content found in the literature (chokeberries 348-576 mg kg −1 ; [13, 16] blueberries 81-249 mg kg −1 ; [13, 16] elderberries 331 mg kg −1 ; [13] sour cherries 12-48 mg kg −1 ; [20] red raspberries 1-8 mg kg −1 ; [12] strawberries 0-11 mg kg −1 ) [12, 21] is similar to the results in this study. A small amount of free monomeric flavan-3-ols were extracted in the ethyl acetate extract as well (Table 1) . Their content (from 0 to 38 mg kg −1 FW) was lower in comparison to the hydroxycinnamic acid and flavonol content.
Methanolic fractions extracted from the berry residue after the extraction of flavonols and phenolic acids, contained anthocyanins ( Table 1 ). The anthocyanin content in chokeberries, blueberries, and elderberries (14,733, 13,012, and 10,927 mg kg −1 FW, respectively) was much higher than in other investigated fruit species (from 166 mg kg −1 FW in strawberry to 1,242 mg kg −1 FW in blackberry). The anthocyanin contents are in accordance with literature data (3,167-14,800 mg kg −1 in chokeberries; [14, 16] 1,222-8,080 in mg kg −1 in blueberries; [13, 16] 2,450 mg kg −1 in blackberries; [14] 3,316-13,750 mg kg −1 in elderberries; [13, 14] 0-921 mg kg −1 in red raspberries; [12, 14] 78-417 mg kg −1 in strawberries [12, 14, 21, 24, 25] ). Furthermore, the anthocyanin content in all fruit species was 5 to 53 times higher in comparison to other investigated classes of phenols.
The radical scavenging activity of phenol fractions determined by using the DPPH test is shown in Table 2 . A higher EC 50 value refers to a higher antiradical activity. The antiradical activity of anthocyanins from all fruits (4-26 µmol TE/g) was higher considerably in comparison to the antiradical activity of flavonols and phenolic acids The quercetin and kaempferol contents were the contents of quercetin and kaempferol peaks from hydrolised ethyl acetate fraction. (0.5-2.7 µmol TE/g). This suggested that anthocyanins had much higher portion in the total antiradical activity of investigated fruits in comparison to flavonols and phenolic acids and also a stronger influence on the antiradical activity. The highest difference in the antiradical activity was noticed in elderberry where the antiradical activity of anthocyanins was 25 times higher in comparison to the antiradical activity of flavonols and phenolic acids. The antiradical activity of anthocyanins in other fruits was also considerably higher in comparison to the antiradical activity of flavonols and phenolic acids (15 times in blueberry; 10 times in red raspberry, sour cherry, strawberry, and chokeberry; and 7 times in blackberry). Earlier studies [16, 26] also reported a high portion of anthocyanins in the antioxidant activity of fruits. Zheng et al. [16] found that anthocyanins contributed more than 50% to the antioxidant activity of blueberries and chokeberries.
The correlations between phenolic compounds and the antiradical activity are shown in Table 3 . A strong correlation existed between the total anthocyanin, total flavonol, total phenolic acid content, and the antiradical activity of fruits (r = 0.99 * * * ; 0.93 * * , 0.83 * , respectively) suggesting a significant influence of these specific classes of phenols on the antiradical activity of investigated fruits. Furthermore, a strong correlation of hydroxycinnamic acid contents with the antiradical activity (r = 0.85 * ) emphasized hydroxycinnamic acids as compounds that have significant influence on the antiradical activity within the phenolic acid class. These results are in accordance with selected literature data. [18, 27, 28] The negative correlation coefficient between the flavan-3-ol content and the antiradical activity (r = −0.32) indicated that these compounds had no influence (or small influence) on the antiradical activity of fruits. The reason for the negative correlation is probably the low flavan-3-ol content in fruits. Moreover, to reveal individual phenols with higher influence on the antiradical activity of fruits, the correlations between the content of some individual phenolic compounds and the antiradical activity were observed. Quercetin derivatives and caffeic acid derivatives correlated highly with the antiradical activity (r = 0.93 * * ; r = 0.94 * , respectively). This suggested that quercetin derivatives, neochlorogenic acid, chlorogenic acid, and caffeic acid as individual phenolic compounds influenced strongly the antiradical activity of fruits. The strong antiradical activity of these compounds was shown earlier. [29] It is clear that, since these compounds are present in higher amounts in investigated fruits, their relatively high concentrations contributed to the influence on the antiradical activity of fruits. Furthermore, fruit species studied in this work differed significantly in the phenol content. Anthocyanins were the dominant phenols in all fruits contributing with the highest portion to the antiradical activity. Besides anthocyanins, fruits were characterized by relatively higher content of some other phenolic compounds. Chokeberries, blueberries, blackberries, and elderberries were abundant in quercetin derivatives and caffeic acid derivatives. Hydroxycinnamic acids were present in relatively high concentrations in sour cherries, red raspberries, and strawberries. To see the influence of these phenols on the antiradical activity of these specific fruits, the correlations between the content of phenols in these fruits and the antiradical activity were observed. Total hydroxycinnamic acid content from sour cherries, red raspberries and strawberries correlated highly with the antiradical activity (r = 0.98). The quercetin derivative content and caffeic acid derivative content from chokeberries, blueberries, blackberries, and elderberries also correlated strongly with the antiradical activity (r = 0.94, r = 0.92, respectively). This suggested the strong influence of hydroxycinnamic acids on the antiradical activity of sour cherries, red raspberries and strawberries. The antiradical activity of chokeberries, blueberries, blackberries, and elderberries was influenced by quercetin and caffeic acid derivatives. The antiradical activity of fruits has a complex mechanism because of various phenolic compounds present in fruits and their interactions occurring in the fruits. In this study, various classes of phenols were isolated from fruits and their antiradical activity was screened and estimated independently. The results emphasized the anthocyanins as the compounds with the highest influence on the antiradical activity of investigated fruits. The anthocyanin concentrations in fruits were higher and, because of that, anthocyanins had higher influence on the antiradical activity in comparison to other investigated phenolic compounds. Moreover, the existence of high correlations suggested a strong influence of some other individual compounds. These compounds were caffeic acid derivatives (chlorogenic acid and neochlorogenic acid) and quercetin derivatives. The portion of these compounds in the antiradical activity was not as high as a portion of anthocyanins, but the presence of correlations suggested the influence exist. The influence of all phenols was concentration dependent. The higher the content of a certain phenol, the higher was the influence on the total antiradical activity of fruits. Furthermore, the compounds with the highest influence on the antiradical activity were different in different fruits. The total antiradical activity of chokeberries and blueberries was influenced mostly by anthocyanins but quercetin derivatives and caffeic acid derivatives (chlorogenic acid) also had a strong influence on the antiradical activity of these fruits. The antiradical activity of blackberries was influenced by anthocyanins and quercetin derivatives. Anthocyanins, caffeic acid derivatives (chlorogenic acid) and quercetin derivatives influenced the antiradical activity of elderberries. Anthocyanins and phenolic acids, especially p-coumaric acid derivatives, were responsible for the antiradical activity of sour cherries. Anthocyanins had a high influence on the antiradical activity of strawberries and red raspberries. These fruits were reported to have a significant amount of ellagitanins. [12] Ellagitanins probably have a high portion in the total antiradical activity of strawberries. Apart from mentioned compounds, the antiradical activity of fruits is influenced by some other phenols not determined in this study. Chokeberries, blueberries, and elderberries were reported to contain proanthocyanidins [13, 15] the compounds even stronger scavengers of DPPH radicals in comparison to flavonols and flavan-3-ols. [29] Proanthocyanidins contribute probably a great deal to the antiradical capacity of these fruits. The basic structural units in proanthocyanidin chains are flavan-3-ols. In this study, only free monomeric flavan-3-ols were extracted from fruits and they had no influence on the antiradical activity (Table 3 ). If we look at these compounds as a part of proanthocyanidins, their influence could probably be higher. Fruits have also been reported to contain vitamin C. The content of vitamin C was 131 mg kg −1 in chokeberry, [19] 124-131 mg kg −1 in blackberry, [19] 60-250 mg kg −1 in elderberry, [30] 155-163 mg kg −1 in raspberry, [19] 324-847 mg kg −1 in strawberry [31] ). Although the antiradical potential of vitamin C was found to be weaker that that of quercetin and similar to that of Trolox, [29] it can still contribute to the antiradical activity of berries and fruits.
CONCLUSION
The results of this study showed that the antiradical activity of investigated fruits was strongly influenced by anthocyanins. Besides anthocyanins, high influence on the antiradical activity had quercetin derivatives and caffeic acid derivatives (chlorogenic acid) in chokeberries and blueberries, quercetin derivatives in blackberries, quercetin-and caffeic acid derivatives (chlorogenic acid) in elderberries, and p-coumaric acid derivatives in sour cherries. The results of this study provide a better insight into the antiradical activity of dark colored berries and fruits and their potential health benefits.
ABBREVIATIONS
DPPH: 2,2-diphenyl-1-picrylhydrazyl radical; EC 50 : efficient concentration (concentration of antioxidant needed to reduce the DPPH concentration by 50 %); FW: fresh weight; HPLC: high performance liquid chromatography; PDA: photo diode array.
